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ABSTRACT 
Design and Implementation of Microwave Bandpass Filters Based on 
CRLH-TL and Interdigital Ring Resonators 
LiZhu 
Microwave printed filters are preferred in modern mobile and satellite communication 
systems due to low cost, compact size, and high accuracy. In order to facilitate circuit 
integration and achieve high information capacity in a communication system, volume 
miniaturization and bandwidth modulation of the filters becomes critical. Such 
requirements make design and implementation of filters extremely challenging. Hence, 
the work presented in this thesis is focused on two aspects, namely, compact printed filter 
design and effective bandwidth modulation techniques. 
First, a simple composite right/left handed (CRLH) transmission line (TL) structure is 
proposed. Based on this structure, a bandpass filter which offers several advantages (e.g. 
compact size and low loss over traditional filters) is designed. A CAD algorithm for 
automated CRLH filter design is also implemented, and demonstrated through a practical 
example. Second, a set of ring filters with adjustable bandwidths are proposed. These 
filters are implemented by a combination of hairpin resonators, interdigital capacitors 
and/or etched slots, leading to considerably wider bandwidths as compared to traditional 
ring filters. In addition, by changing the geometrical parameters of the interdigital 
capacitors and etched slots, the bandwidth can be easily adjusted for different 
applications. The filters feature two transmission zeros, whose locations can be 
accurately determined by means of the semi-analytical model developed as part of this 
iii 
thesis. The proposed filter units can be cascaded to obtain sharper cutoff frequency 
responses. Several these filters have been fabricated and tested using Anritsu 37369D 
vector network analyzer. The frequency responses from measurements are in good 
agreement with those from simulations in the 5-9 GHz range. 
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Chapter 1 
Introduction 
The term microwave refers to the frequency range from 300 MHz to 300 GHz, with 
corresponding electrical wavelengths from 1 m to 1 mm. Microwave components are 
often distributed elements, where the phase of a voltage or current changes significantly 
over the physical extent of the device. Even though microwave engineering had its 
beginning in the early 20th century, significant developments in high frequency solid-
state devices, microwave integrated circuits, and the ever-increasing applications of 
modern microsystems have kept the field active and vibrant. The majority of today's 
microwave technology applications are in communication systems, radar systems, 
medical systems and environmental remote sensing [l]-[3]. The most ubiquitous use of 
microwave technology is in cell phone systems. By 1997, there were more than 2 billion 
cellular subscribers worldwide. Satellite systems, such as Global Positioning Satellite 
(GPS) system and Direct Broadcast Satellite (DBS) system, have been extremely 
successful in providing cellular, video, and data connections worldwide. The advantages 
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offered by microwave systems, including wide bandwidths and line-of-sight propagation, 
have proved to be critical for both terrestrial and satellite communications systems and 
have thus provided an impetus for the continued development of low-cost miniaturized 
microwave components. In the whole microwave spectrum, the super high frequency 
(SUF) band that is from 3 GHz to 30 GHz, is widely utilized in military satellite system. 
In most microwave communication systems, filters play extremely important role. 
Microwaves filters separate or combine different frequencies and are used to select or 
confine the microwave signals within assigned spectral limits. Emerging applications 
such as wireless communications continue to challenge microwave filter designers with 
ever more stringent requirements: higher performance, smaller size, etc. In the following 
sub-sections, basic characteristics and existing implement method of microwave filters 
will be introduced, and motivation, objective and scope of the thesis will be presented. 
1.1 Microwave Filter 
A microwave filter is a two-port network used to control the frequency response at a 
certain point in a microwave system by providing transmission at frequencies within the 
passband and attenuation in the stopband. Typical frequency responses include lowpass, 
highpass, bandpass, and bandstop characteristics. Microwave filter applications can be 
found in virtually any type of microwave communication, radar, or test and measurement 
system. The fundamental use of filters in electrical engineering is to shape signal 
spectrum, which is especially crucial in reducing input signal noise in receivers and 
spurious emissions in transmitters. In electrical engineering, filtering can be intentional, 
2 
as in the input stage of a receiver, or unintentional, as in the transmission path of a 
microwave signal. It is important to understand that almost every physical system has 
some sort of filtering action built in whenever a signal, an input, an output, and a 
transmission path can be defined in the system. 
Microwave passive filters have traditionally been built using waveguides and coaxial 
lines. Recent microwave printed filters have unique advantages over waveguide and 
coaxial filters in terms of low cost, repeatability, high accuracy, and compact size. 
Another advantage of printed filters is their easy integration with active circuits (i.e., 
filters can be fabricated on the same substrate with transistor amplifiers, oscillators, and 
other active circuits). Today, microstrip lines are perhaps the most common materials for 
microwave printed circuits, because of their simplicity, ease of manufacturing and high 
suitability for incorporation with active devices. Recent advances in materials and 
fabrication technologies, including metamaterials, monolithic microwave integrated 
circuit (MMIC), microelectromechanic system (MEMS) have stimulated research on 
novel microstrip filters. 
In the past decade, metamaterials with simultaneous negative permittivity (e) and 
permeability (w), more commonly referred to as left-handed materials (LHM), have 
received substantial attention in the scientific and engineering communities. Science 
magazine even named LHMs as one of the top ten scientific breakthroughs of 2003 [4]-
[6]. Experimental verification of LHMs did not occur until three decades later by a group 
at University of California, San Diego (UCSD). The UCSD's LHM consisted of copper 
split-ring resonators (SRRs) and thin copper wires, providing negative permeability and 
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negative permittivity, respectively [7]. Soon, several researchers realized artificial LHMs 
by Transmission Line (TL) approach [8][9]. The TL approach of LHMs led to several 
microwave resonant structures with low insertion loss and wide bandwidth. 
During the same period, advances in computer aided design (CAD) tools such as full-
wave electromagnetic (EM) simulators have revolutionized filter design [10]. In the past 
few decades, CAD of microwave components has greatly progressed due to an increase 
in the overall design complexity of modern satellite communication systems. Currently, a 
plethora of CAD tools, e.g. Ansoft's HFSS, Zeland's IE3D, Agilent's ADS, etc., are 
available for microwave designers. These tools not only help in the design of a 
microwave circuit, but also facilitate optimization of the circuit for improved 
performance in terms of power, size, timing, etc. Many novel microwave filters with 
advanced filtering characteristics have been demonstrated in different CAD tools. 
1.2 Motivation and Objectives 
The recent and continuing evolution in telecommunications has implied stringent 
constraints on microwave systems and, especially on filters. Many applications and 
notably those involved in mobile and satellite communications, require to miniaturize the 
system dimensions without sacrificing electrical performances. The work presented in 
this thesis focuses on the desire to effectively reduce the volume and complexity involved 
in the design of printed microstrip bandpass filters, while keeping the same frequency 
response. Therefore, one of the objectives of the work is to implement a planar bandpass 
filter with relatively compacter size and lower loss than traditional planar bandpass filters, 
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and also to develop a CAD algorithm for automated design of the novel filters. 
Apart from the volume of the circuit modules, the geometrical size of the microwave 
filter determines the filter's specifications such as bandwidth and loss. To extend the 
bandwidth of a microwave filter, the straight-forward approach is to reduce both its strip 
and slot widths, and a large number of line resonators are required in this case. However, 
such approaches may lead to a degradation of its filtering behaviors, e.g. quality factor, 
and also introduce some difficulties into the fabrication process due to its limitation of the 
strip/slot widths and conductor thickness/configuration. In order to overcome above 
challenge, it is desirable to implement wideband microwave filters without going beyond 
the fabrication limitation. Further, adjustable bandwidth of filters could offer excellent 
convenience for the microwave/RF system designers. 
1.3 Scope and Organization 
In order to achieve the objectives mentioned earlier, the work is divided into two phases, 
aiming volume minimization and bandwidth modulation. Scope of the research in the 
thesis includes: 
• Designing a microstrip filter structure using the material whose resonance is 
independent of physical dimensions to achieve filter size minimization. 
• Developing an effective CAD tool to facilitate automated design of this size-
minimized filter. 
• Designing a microstrip coupling structure that provides strong coupling strength. 
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• Implementing the bandpass filters with adjustable bandwidth based on the 
proposed coupling units. 
The thesis is organized as follows: 
Chapter 2 introduces basic coupling characteristics of LHM/LH-TL and microwave 
ring resonators, and presents some of the recent developments in terms of their design. 
Chapter 3 describes a proposed CRLH-TL filter with much smaller volume and lower 
loss than traditional printed filters. A new CAD algorithm for fully-automated design of 
CRLH filters is also presented in this chapter. Chapter 4 presents novel ring resonator 
filters with adjustable bandwidths and predictable transmission zeros. The fabrication and 
measurements are also discussed in this chapter. Chapter 5 draws conclusions and 




As mentioned before, microwave filters are traditionally built using waveguide [11] and 
coaxial lines [12]. However, following the enormous expansion in printed circuit 
technology and modeling techniques, more and more filters are currently implemented by 
printed circuits [13]-[15]. Printed filters have the advantages over rectangular or coaxial 
waveguide filters in terms of low cost, high accuracy and compact size. In addition, with 
the advances in full-wave EM simulation techniques, printed filters can be characterized 
accurately and rapidly. Perhaps the main disadvantage of regular printed filters is the high 
insertion loss associated due to mellaization and dielectric losses in some situations. For 
this reason, printed filters may not be suitable for applications where high power and very 
low loss are required. 
Printed filters can be designed using microstrips, striplines and slotlines. Stepped-
impedance, interdigital, and coupled-line filers are the most commonly used forms of 
printed filters [16]. In case of the stepped-impedance filters, the widths of the 
transmission lines are changed in a periodic manner to replicate series inductance and 
7 
shunt capacitance to implement filters. The interdigital filters consist of parallel arrays of 
quarter-wavelength transmission lines whose one ends are shorted to ground. For the 
coupled-line filter, cascaded sections of quarter-wavelength-long coupled transmission 
lines are used to design filters. 
In the last decade, planer filters based on LH-TL and ring resonator structures have 
received increasing attention because of their unique properties and excellent 
performances. In the following sub-sections, the particular characteristics of these two 
typical structures and their applications are discussed. 
2.1. LHM and LH-TL 
In general, materials have two electromagnetic parameters, namely, permeability (ju) and 
permittivity (e). JU is the degree of magnetization of a material that responds linearly to an 
applied magnetic field, while e is a physical quantity describing how an electric field 
affects and is affected by a dielectric medium, thus relates to a material's ability to 
transmit an electric field. In essence, these two parameters determine how a given 
material interacts with EM radiation. A LHM is a material whose permeability and 
permittivity are both negative. 
The basic characteristics of LHM can be analyzed by Helmholtz formulations: 
V 2£ + &2£ = 0 
8 
where E is the electric field intensity (Volts/meter), B is the magnetic flux density (Tesla) 
and k = co-Jjus is the wave number, or propagation constant of the medium, its unit is 1/m. 
2 When k > 0, Helmholtz formulation has a solutions, which means the wave can traverse 
2 the material. In nature, both s and n of material are positive, making k > 0. Using 
Maxwell equations, we can derive the following equations: 
~kx~E = cojuH, ~kx~H = -cojuE, k-~E = 0, ~k-~H = 0. (2.2) 
In (2.2), k, E and H satisfy the RH triplet relationship, and the material satisfying such 
relationship is called RHM. Meanwhile, when both JU and s are simultaneously negative, 
2 
consequently k > 0 still, the wave can also transmit in such material. However, in this 
case, k, E and H satisfy LH triplet relationship instead of RH relationship. This kind of 
material is called LHM. Both RH and LH triplet relationships are shown in Fig. 2.1. 
RHM ( 6 > o, M > 0) 











Fig. 2.1. RH triplet relationship of RHM and LH triplet relationship of LHM 
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LHMs have a wide range of applications in optical/microwave units, such as new types 
of modulators [17], bandpass filters [18], superlenses [19], and antennas [20]. However, 
the LH structures presented originally [6] [7] were impractical for microwave applications, 
because of very lossy and narrow bandwidth characteristics. Alternative theories are 
desirable to gain a deeper insight into their behavior. In 2002, Prof. Tatsuo Itoh's group 
in UCLA introduced a transmission line (TL) approach of LH materials to realize an 
artificial lumped-element LH-TL and proposed a microstrip implementation of this line, 
which is a milestone for the development of the meta-materials [8]. Fig. 2.2 shows the 
layout and ^-parameters of the artificial LH-TL. 
Fig. 2.2. The layout and S-parameters of the artificial LH-TL. 
The comparisons of the basic microwave characteristics of LH-TL and RH-TL are 
summarized in the Table 2.1. The approach of LH-TL is based on the dual of the 
conventional RH-TL. The equivalent circuit of LH-TL is obtained by interchanging the 
inductance / capacitance and inverting the series/parallel arrangements in the equivalent 
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Table 2.1 
Comparisons of basic microwave characteristics between LH-TL and RH-TL 
LH-TL RH-TL 
(1 /jwC)dz 
R tfc jwL dz 
Equivalent Circuit 
(lossy) (1/G)dz 
(1 / R) dz^ 
(1/jwL)dz 






jwC dz I 
Propagation 
Constant y(a>) =ylrr ^(G'+jojC')'
1
 (R'+jeaL') y(co) = 4z7T'=^(R + j(oL)(G + ja)C) 
Phase Constant 
^-^mc' j3(co) = a»/LC 
Phase and Group 
Velocities 




Impedance 20(«) = 
Z< _ HR'+jatL') 
Y' V(G'+jwC) z°{a)-iY-iTG^c-) 
Permittivity and 
Permeability / / (« )< 





circuit of the RH-TL. Consequently, the LH-TL indicates a highpass nature, in contrast to 
the low-pass nature of the RH-TL. 
The wave number y of an LH-TL in terms of per-unit-length impedance 
(Z' = Z/dz = (G'+jaC,y1) and admittance (Y' = Y/dz=(R'+jcoLfl) is given by 
y(co) = a (a) + jp(m) = y/Z T ' = <J(R'+ jcoL')"' (G'+ jcoC ')"' , (2.3) 
where R', u , C and G' are per-unit-length quantities. For the lossless case, the 
propagation factor is given by 
j3(G))=-l/a*IFc, (2.4) 
in which the negative sign indicates a negative phase velocity. The nonlinearity of /? in 





The characteristic impedance of the line is given by 
As can be summarized in Table 2.1, except the same expression of characteristic 
impedance, the LH-TL provides opposite nature to the RH-TL. 
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2.2. Existing LH Bandpass Filter 
Based on the LH-TL structure of [8] and to meet the demand of MMIC for compactness, 
one unit of LH-TL was realized by cascading two inter-digital capacitors, which has been 
reported in [21]. As can be seen in Fig. 2.3(a), two out arms of each capacitor are 
grounded by vias, which are considered as arm-inductors. By adjusting the lengths of the 
arm-inductors and other parts of the inter-digital capacitor, a highpass frequency 
performance can be achieved. The dimensions of one unit of the improved structure and 
its equivalent LC circuit are shown in Fig. 2.3 (a) and Fig. 2.3 (b), respectively. 











i 1.5 2 2.5 3 3.5 4 -1.5 
Frequency (GHz) 
(c) ' 
Fig. 2.3 (a) The layout of one unit, (b)the equivalent LC circuit and (c) the simulated 5-
parameters of an existing LH-TL structure. (sr= 9.8 and the substrate height is 0.38 mm) 
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As can be seen in Fig. 2.4(a), two such LH-TL units are coupled to implement a LH-TL 
bandpass filter. By means of odd and even mode analysis, the input impedance of the LH 
band-pass is determined to be 
Z < " = T^TJ^^2"-2"? -Voe+Zoof COS2(/?/) , (2.7) 
2sin(/?/) 
which is similar to that of traditional RH-TL band-pass filters [21]. According to (2.7), a 
resonation of the band-pass filter is obtained when/?/ = ±n/2 . Fig. 2.4 shows the layout 
and simulation result of the LH-TL bandpass filter. The LH-TL filter shows obvious 
bandpass characteristics with the center frequency at 2.5 GHz. 
However, the structure is observed to have a limited bandwidth i.e. in the MHz range. 
If the specification of bandwidth were to be in the GHz range, this structure would not be 
suitable. Moreover, the coupling structure is relatively complicated which may cause 
additional expense in terms of fabrication. 
14 
Portl 
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Frequency (GHz) 
(b) 
Fig. 2.4 (a) The layout and (b) the simulated ^-parameters of an existing LH band-pass 
filter. 
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2.3. Microwave Ring Resonator 
Microstrip ring structure was first proposed by P. Troughton in 1969 for the 
measurements of the phase velocity and dispersive characteristics of a microstrip line 
[22]. In the 1980s, applications using ring circuits as antennas, and frequency-selective 
surfaces emerged. Microwave circuits that use rings for filters, oscillators, mixers, baluns, 
and couplers [23]-[25] were also reported. Integration of Microstrip ring with various 
solid-state devices was realized to perform tuning, switching, amplification, oscillation, 
and optoelectronic functions. In the following sub-section, the EM coupling between 
microstrip ring resonators and their applications in filter design are discussed. 
2.3.1. Ring Coupling Structures 
As seen in Fig. 2.5, there are three basic coupling structures encountered in cross-coupled 
filters [16]. These different coupling structures arise from the different orientations of 
open-loop square resonators separated by a distance. Each of the open-loop resonators is 
essentially a folded half-wavelength resonator. It is known that the maximum electric 
coupling in a single resonator occurs at the side of the open-gap, whereas the maximum 
magnetic coupling occurs at the opposite side of the maximum electric field. This is 
because the electric/magnetic fringe fields are stronger at the sides where 
electric/magnetic field distributions are strong. Maximum electric coupling is obtained 
when the open-ends of the resonators are placed side by side as shown in Fig. 2.5(a). 
Similarly, maximum magnetic coupling is obtained if the unopened sides of the 
resonators are placed side by side as shown in Fig. 2.5(b). Finally, when the resonators 
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are placed as shown in Fig. 2.5(c), both strong magnetic and strong electric couplings are 
obtained, which is referred to as mixed coupling. 
• • • • un 
Fig. 2.5. Different coupling methods: (a) electric coupling, (b) magnetic coupling and (c) 
mixed coupling [16]. 
2.3.2. Coupling Models of Ring Structures 
2.3.2.1. Electric Coupling 
An equivalent lumped model for electric coupling resonators is shown in Fig. 2.6(b), 
where L and C correspond to self-impedance and self-capacitance, and Cm represents the 
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mutual capacitance between resonators. (LC)~ equals to angular frequency of uncoupled 
resonators. If an electrical wall is inserted in the symmetrical plane of such circuit model, 
the resonant frequency of the resultant circuit is 
The resonant frequency is lower than of the uncoupled single resonator, which can 
physically be explained by the coupling effect which enhances the charge storing 
capacity of the resonator when the electrical wall is inserted. As expected, inserting a 








2^L(C-Cm) • (2.9) 
The equations (2.8) and (2.9) can be used to obtain the electric coupling coefficient 
K. 
f2-f2 C 
J m J e m 
f2 + f2 ~ C • 
J m J e 
(2.10) 
It is also important to note that Ke is identical to the ratio of coupled electric energy to 
stored energy of the uncoupled single resonator. 
2.3.2.2. Magnetic Coupling 
An equivalent lumped model for magnetic coupling resonators is shown in Fig. 2.7(b), 
where L and C correspond to self-impedance and self-capacitance, and Lm represents the 
mutual inductance between resonators. In a similar manner, by inserting an electrical wall 
and a magnetic wall respectively, two corresponding resonant frequencies are given by 






Fig. 2.7. (a) Magnetic coupling structure and (b) its equivalent circuit. 
and 
f = 
J m 2njC{L + Lm) (2.12) 




J e J m f2 + f J e J m (2.13) 
It is also important to mention that Km is identical to the ratio of coupled magnetic energy 
to the stored energy of uncoupled single resonator. Most importantly, Km and Ke are in 
reverse phases, which is the crucial property of the cross-coupled filters. 
2.3.2.3. Mixed Coupling 
In the mixed coupling structure, both magnetic and electric couplings are strong and 
comparable to each other so that neither of them could be ignored. The coupling structure 
of this situation is called mixed coupling. By inserting an electrical wall and a magnetic 









 + CJ(L + IJ • (2-15) 
Here, Z, and C correspond to self-impedance and self-capacitance. Cm and Lm represent 
the mutual capacitance and mutual inductance between resonators. Using (2.14) and 
(2.15), the mixed coupling coefficients become, 
v- _ Je Jm _ ^Aw + LCm 
f2+f2~LC + LC • (2-16) 
It is reasonable to assume LmCm « LC so that 
L C 
KB~-jT + -£- = km+K. (2.17) 
As seen, mixed coupling is the superposition of the electric and the magnetic coupling in 
phase, which is the result that had been expected. 
2.3.3. Frequency Response and Quality Factor of Ring Resonators 
If the resonator is symmetrical, it could form a two-port network, as shown in Fig. 2.8, 
where T - 7" represents the symmetrical plane and the LC resonator has been separated 
into two symmetrical parts. When the T- T' is short-circuited, it may be noted that 
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^ = ° ° , (2-18) 
and 
o _ G ~ Yino _ 1 
6,10
 " G + I T " ' (2-19) 
where 7,-„0 and Sn0 are the odd-mode input admittance and reflection coefficient at port 1, 
respectively. Alternatively, replacing the T - 7" plane with an open circuit yields the 






 C + 4 , l+yf i -Af l ) /^ ' (2"21) 
where o0=l/VZc and the approximation (<y2-ft>02)/<y«2A<y with w = o>0 + A<a has been 
made. Using (2.19) and (2.21), it can be noted that 
^,--w„-s„j =
 i+ /<y] (2.22) 
whose magnitude is given by 
&, = 
<Jl + (QeAco/a>0)2 • (2 '23) 
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Fig. 2.9 Resonant amplitude response of £21 for the circuit in Fig. 2.8. 
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Shown in Fig. 2.9 is a plot of | S2i | against Aco/coo- At resonance, Am = 0 and | S2i 
reaches its maximum value, namely | S21 (coo) | =1. When the frequency shifts such that 
the value of | S211 has fallen to 0.707 (-3dB) of its maximum value according to (2.22). 
Based on (2.24), a bandwidth is defined as 
0)n 
Ao)^,B = Atf?, -Afi> -
where Aco3dB is the bandwidth for which the attenuation for 5*21 is up 3 dB from that at 
resonance, as indicated in Fig. 2.9. Define a doubly loaded external quality factor Qe' as 
Q'=Qe- ^° 
2 " Aco • <2-26) 
Using (2.26) to extract the Qe first, then the singly loaded external quality factor Qe is 
simply the twice of Qe\ 
It should be mentioned that even though the formulations made in this section are based 
on the parallel resonator, there is no loss of generality because the same formulas as (2.26) 
can be derived for the series resonator as well. 
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2.4. Ring Resonator Filter 
As can be seen Fig. 2.10(a), a ring resonator filter [16] was implemented using two 
hairpin resonators with asymmetric feed lines. The dominant coupling of such filter 
structure is electrical coupling, whose performances have been introduced in previous 
subsections. The gaps between two hairpin resonators act as mutual capacitance, which 
can be adjusted to achieve optimal frequency responses, i.e. widest bandwidth and lowest 
loss. Fig. 2.11(b) shows the simulated S-parameters of traditional ring resonator filters 
with a gap of 0.06 mm. The ring resonator filter features a center frequency of 6.5 GHz, a 
bandwidth of 550 MHz, and a maximum return loss of 24 dB. 
However, in a typical fabrication process employed for microstrip printed structure, the 
closest distance that can be manufactured is 0.13 mm. Such gap width can not provide 
satisfactory strong coupling between end-coupled resonators. As such, degradations in 
the filtering behavior in terms of high insertion loss and limited bandwidth are inevitable. 
In chapter 4, an improved ring structure is proposed to overcome the limitation posed by 
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CAD of Composite Right/Left-Handed 
Bandpass Filters 
The fundamental EM properties of LHMs and the physical realization of LHMs have 
been reviewed in chapter 2. The general TL approach provides insight into the physical 
phenomena of LHMs and provides an efficient design tool for LH applications. Based on 
the LH-TL units reported in [8], several microstrip bandpass filters have been designed 
with compact size, low loss or flat band, which enhance performances of MMIC system. 
Currently, LHMs are considered to be a more general model of composite right/left-
hand (CRLH) structures [26], which also include RH effects that occur naturally in 
practical LHMs. Metamaterials with RH and LH properties known as CRLH 
metamaterials have led to the development of several novel microwave devices. 
In this chapter, a brief overview of CRLH-TL theory is presented. Based upon this 
theory, a new compact bandpass filter structure exploiting CRLH-TL concepts is 
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presented in section 3.1. Compared to traditional filter structures, the proposed filter is 
compact and provides relatively flat passband and wider bandwidth. Physical dimensions 
of the filter, i.e. design variables, can be adjusted to meet the given specifications. Based 
on the simulation results, a new CAD algorithm for fully-automated design of the filter is 
presented in section 3.2. The algorithm begins with the initialized values of physical 
dimensions. Enriched by the tuning knowledgebase compiled as part of the work, the 
physical dimensions are then adjusted iteratively. At the end of each iteration, the 
algorithm verifies if the specifications have been met, and continues or terminates 
accordingly. Section 3.3 presents concluding remarks. The related work has already been 
published in [42] and [43]. 
3.1 Proposed CRLH Bandpass Filter Structures 
3.1.1 CRLH Theory 
The homogeneous lossless models of a RH, LH, and CRLH-TL are illustrated in Fig. 
3.1(a), (b), and (c), respectively. The RH-TL model and LH-TL model, which are dual of 
each other, have been discussed in Chapter 2. It is to be noted that in reality, a pure LH 
structure is not possible because of unavoidable RH parasitic series inductance and shunt 
capacitance effects (parasitic capacitance is due to development of voltage gradients, and 
unavoidable parasitic inductance is due to the current flow along the metallization). 
Therefore, a CRLH structure represents the most general form of a structure with LH 
attributes. The general CRLH-TL model shown in Fig. 3.1(c) consists of an inductance 
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LR' in series with a capacitance Q ' , and a shunt capacitance CR' in parallel with an 
inductance LL'. 
The propagation constant of a TL is given byy = a + jj3 = JZ'Y', where Z' and Y' are, 
the per-unit length impedance and per-unit length admittance respectively. In the case of 
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Fig. 3.2. (a) Simplified equivalent circuit model and (b) dispersion diagram of CRLH-TL 
[26]. 
When the series and shunt resonances are equal, 
L R(< L ~ L L^ R> (3.3) 
where LH and RH contribution exactly balance each other at a given frequency. This 
condition is called the balanced case, which results in the simplified circuit model as 
shown in Fig. 3.2(a). Under the condition of (3.3), the propagation constant can be 
expressed as 
0 = (3R+f3L=co4L\C\ W^c'/. ' (3.4) 
where the phase constant distinctly splits up into the RH phase constant /?/? and the LH 
phase constant /?/,. As shown in Fig. 3.2(b), CRLH-TL is increasingly dispersive as 
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frequency increases, since the phase velocity (vp = (a/ft) becomes increasingly dependent 
on frequency. CRLH-TL illustrates a dual nature, i.e. dominantly LH at low frequencies 
and dominantly RH at high frequencies. The balanced CRLH-TL's dispersion diagram of 
Fig. 3.2(b) indicates that the transition from LH to RH occurs at 
1 _ 1 
° ~ $JL\C\L\C\ ~ ^ /ZTC7 ' (3,5^ 
where OOQ is referred to as the transition frequency [26]. As can be seen in Fig. 3.2(b), 
there is a seamless transition from LH to RH for the balanced case. As a result, the 
balanced CRLH-TL's dispersion curve does not have a stop-band. It is to be noted that 
although P is zero at coo, which corresponds to an infinite guided wavelength (Xg = 2n/\P\), 
wave propagation still occurs since vg is nonzero at COQ. In addition, at COQ, the phase shift 
for a TL of length d is zero (<p = -fid = 0). Phase advance (<p > 0) occurs in the LH 
frequency range (co < CQQ), and phase delay (<p < 0) occurs in the RH frequency range (co 
>COo). 
The unique feature of CRLH metamaterials is that /? = 0 can be achieved at a nonzero 
frequency G>O- When ft = 0, there is no phase shift across transmission medium since the 
phase shift <p is determined by <p = -fid = 0 . In addition, it can be shown that the 
resonance is independent of the length of the structure but is only dependent on the 
reactive loadings. Such particular property of CRLH-TL can be utilized to design a 
bandpass filter which resonates at coo. Since the resonance is independent of physical 
dimensions, microwave filters using CRLH-TL structures have a potential for effective 
volume minimization. 
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3.1.2 Microstrip CRLH Bandpass Filter 
Two inter-digital capacitors in series are considered as a LH-TL unit. The outer arms of 
these capacitors whose edges are grounded by vias act as shunt inductors. EM 
simulations performed using Zeland's IE3D and presented in Fig. 3.3 (b) show a 
highpass behavior. As discussed in the previous subsection, any LH-TL is a CRLH-TL 
because of unavoidable parasitic series inductance and shunt capacitance resulting in a 
RH contribution that increases with the frequency. Thus, a CRLH-TL can be considered 
to be composed of LH featuring lowpass characteristics at lower frequencies and RH 
featuring highpass characteristics at higher frequencies. As such, the CRLH-TL structure 
can potentially realize bandpass characteristics. 
Motivated by the above idea, one interdigital capacitor of Fig. 3.3 (a) is selected to 
implement a CRLH bandpass filter. By adjusting its physical dimensions, i.e. length (D) 
of outer arms, length (7), width (M), number of fingers (N) and gap between fingers (S), 
the structure can be made to provide bandpass characteristics shown in Fig. 3.4. The 
substrate height is 0.254 mm and er is 2.2. Using Zeland's IE3D, the EM simulation 
results of Fig. 3.4(a), illustrated in Fig. 3.4(b), exhibit a center frequency fo = 8.4 GHz, a 
3 dB fractional bandwidth = 49.4%, an insertion loss of 0.33 dB at 8.3 GHz, and a return 
loss > 15 dB in the 6.8-9.5 GHz range. The low losses and extremely wide bandwidth of 
the proposed structure make it attractive for wideband communication applications. Fig. 
2.4(c) shows the RH and LH regions of the new filter by means of the positive or 
negative value of /?, which confirms that the structure is indeed a CRLH-TL, and also 
indicates the passband of the bandpass filter. 
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Fig. 3.3. (a) Layout of a single unit of the LH-TL and (b) its simulated S-parameters. 
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Fig. 3.4. (a) Layout of the CRLH-TL filter with D = 1.1mm, T= 3.925mm, M= 0.1mm, 
JV = 6 and S = 0.1mm, (b) simulated S-parameters of the CRLH filter, and (c) co-/? 
diagram resulting from ^ (S i^)-
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3.1.3 Volume Comparison 
The resonance of the CRLH filter is independent of its physical dimensions. Hence, 
microwave components implemented by means of CRLH-TL structures may lead to 
effective size minimization. In this subsection, the proposed CRLH bandpass filter is 
compared with existing traditional filter structures. 
In Fig. 3.5, two traditional microstrip filter structures, i.e. the microstrip parallel 
coupled bandpass filter (see Fig. 3.5(a)) and microstrip hairpin bandpass filter (see Fig. 
3.6(a)) are compared with the proposed CRLH bandpass filter. All three structures exhibit 
comparable bandpass performances (see Fig. 3.5(b) and Fig. 3.6(b)), i.e., center 
frequency fo = 8.3 GHz, 3-dB fractional bandwidth ~ 50% and maximum passband 
attenuation = 0.3 dB. The dimensions of these structures are shown in Table 3.1. As can 
be inferred from Table 3.1, the proposed simple yet interesting structure leads to 
considerable real-estate savings as compared to traditional microstrip hairpin filter and 
parallel coupled-line filter. 
Table 3.1 
Size comparison between proposed filter and traditional filters 
Filter Style 
Proposed CRLH Bandpass Filter 
Traditional Coupled Microstrip RH-TL Filter 
Traditional Microstrip Hairpin Filter 
Size 
4.23 x 1.5 mm2 
28.5 x 1.1 mm2 
7.8 x 9.8 mm2 
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Fig. 3.5(a) Layout of the microstrip parallel coupled bandpass filter and (b) its simulated 
S-parameters. 
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Fig. 3.6(a) Layout of the microstrip hairpin bandpass filter and (b) its simulated S-
parameters. 
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3.2 CAD Algorithm for the CRLH Filter 
Design/tuning of RF/microwave circuits is multi-dimensional and therefore complex. 
Several strategies have been employed in the CAD area to address this challenge [18]. 
Current CAD tools offer various benefits such as lower product development costs and 
greatly shortened design cycles. CRLH-TL structure has unique value for realizing 
bandpass filters with relatively smaller volumes. Since CRLH filter is a new concept, 
developing a CAD method for such filters is of potential interest to designers. 
3.2.1 Analysis of Simulation Results 
As a first step toward developing a fully-automated CAD tool for the design of proposed 
CRLH filters, a simulation study has been carried out. The design parameters D, T, M 
and N (see Fig. 3.4(a)) have been varied (or swept) and their effect on various design 
specifications has been examined. Some of the results of the study are shown in Fig. 3.7. 
In Fig. 3.7, each design parameter is varied, while keeping the other parameter values 
constant. Consequently, the overall effect of each design parameter on the filter's 
specifications is clearly brought out: 
• The length D of the arm-inductors has great effect on the impedance matching of the 
filter, whereas it has minimal influence on the central frequency and passband. 
• The length T of the inter-digital capacitor influences the central frequency slightly. 
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Fig. 3.7. Simulated S-parameters of Fig. 3.4 (a) with different values of (a) D, (b) T, 
(c)Mand(d)JV. 
The width M of the fingers influences central frequency and bandwidth 
simultaneously. Increase of M results in decrease of the central frequency and 
bandwidth. 
The number of fingers N has considerable influence on the central frequency. More 
specifically, central frequency decreases sharply when N increases. 
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The sensitivity information has been analyzed and compiled into a knowledge base 
shown in Table 3.2. Such knowledge base identifies the design parameter(s), which 
highly influence each of the filter's specifications. For instance, increasing T results in a 
slightly negative shift in centre frequency, while decreasing M results in a positive shift 
in both centre frequency and upper edge frequency. NC stands for "negligible change". 
Table 3.2 






































Note: Maximum pass-band attenuation and minimum stop-band attenuation are 
observed when "impedance matching" is satisfied. 
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3.2.2 Design Algorithm 
Based on the knowledge base in Table 3.2, a CAD algorithm has been developed for 
automated design of CRLH filers (see Fig. 3.8). The automated design procedure begins 
with the users' specifications which includes the center frequency, bandwidth, 
passband/stopband attenuation, etc. The specifications are first analyzed by the computer, 
and an initial set of numerical values of physical parameters are produced to implement 
the initial layout of a CRLH filter. 
After simulating the initial filter structure, the bandwidth specification is checked 
first, since only M among the four parameters influences bandwidth considerablely. 
Once the required bandwidth is achieved by tuning M, the algorithm then checks the 
central frequency specification. As can be seen in Fig. 3.8, coarse adjustments by tuning 
N and fine adjustments by tuning T are operated sequentially/iteratively, to achieve the 
required central frequency. The final step is to adjust D to obtain the best matching, 
since D minimally affects the bandwidth and center frequency, but is sensitive to 
impedance matching. In the end, the CAD algorithm obtains the final values of 
geometrical parameters of the CRLH filter. 
A counter that records the loop time is added in the algorithm. In case the automated 
design algorithm exceeds the maximum allowed simulation times; the simulation will be 
terminated by the counter. In the next subsection, a step by step example will be shown 





^Yes . 'Max. i :M-
simulation 
~ ..exceeded..-
Setup a CRLH filter 
with initial physical 
parameter values 
( End ) 
Fig. 3.8. Flow-chart of the routine that forms a basis for the proposed CAD methodology. 
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3.2.3 Design Example 
In this subsection, an example of CRLH filter design using the proposed CAD 
methodology is presented. User-specifications include maximum passband attenuation = 
0.1 dB, minimum stopband attenuation = 25 dB, central frequency = 6 GHz and 3dB 
bandwidth = 2.5 GHz. Initial values of physical parameters are considered as D=2mm, 
7=4mm, M=0.8mm, and N=6. 
Step 1: An initial IE3D simulation is performed with some initial design parameter 
values. As may be seen in Fig. 3.9(a), the centre frequency is near 4 GHz and the width 
of the passband is almost zero. 
Step 2: Based on the flow-chart, bandwidth specification is initially checked. The 
width of the passband can be increased by decreasing M, and this is a relatively simpler 
1-dimensional design problem. Gradually decreasing M from 0.8 mm to 0.27 mm has 
resulted in a BW, which is closer to the given specification (see Fig. 3.9(b)). However, 
after this step, the centre frequency has shifted to around 7.5 GHz. 
Step 3: The centre frequency (currently 7.5 GHz) can be "improved", i.e. decreased, 
by increasing N. Changing N from 6 to 8 has resulted in^b = 6.25 GHz, which is closer to 
the given specification (see Fig. 3.9(c)). This change is categorized as a coarse 
adjustment. The influence to the bandwidth by this change can be ignored. 
Step 4: A fine adjustment is performed by increasing T from 4mm to 4.16mm such 
that the specification^ = 6GHz has been met precisely (see Fig. 3.9(d)). This change is 
categorized as a fine adjustment. The influence on the bandwidth by the change can also 
be ignored. 
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Step 5: After meeting the specifications of centre frequency and bandwidth, the 
matching is considered as the last step. In order to meet the desired values of attenuation, 
i.e. Sn and S21, D has been adjusted from 2mm to 0.49mm for impedance matching. As 
seen in Fig. 3.9. (e), all required specifications have been met. The final values of 
geometrical parameters are D = 0.49mm, T= 4.16mm, M= 0.27mm and N- 8. 
3.3 Summary 
Owing to the negative and nonlinear nature of phase constant (fi) versus frequency, 
CRLH-TL can have resonance which is independent of physical dimensions. As such, 
CRLH structures seem promising in terms of size minimization of microwave circuits. In 
this chapter, a new microstrip CRLH-TL bandpass filter has been proposed. The 
simulation results of CRLH filter has shown a minimum insertion loss of 0.33 dB and a 
wide 3-dB fractional bandwidth of 49.4%. Moreover, its volume (4.23 x 1.5 mm2) is 
about 10 times smaller than traditional printed filters with comparable frequency 
response. In addition, a geometrical parameter analysis of the CRLH filter has been 
carried out. This analysis has lead to the development of an automated design algorithm 
for CRLH filters. The proposed algorithm has been validated through a practical 
example. 
Since the unique /? of CRLH metamaterials has more connection to phase responses, 
CRLH metamaterials are potentially providing more applications having specific phase 
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Fig. 3.9 Automated CRLH filter design (a) step 1 with D=2mm, r=4mm, M=0.8mm, 
JV=6, (b) step 2 with D=2mm, T=4mm, M=0.27mm, N=6, (c) step 3 with D=2mm, 
r=4mm, M=0.27mm, JV=8, (d) step 4 with £>=2mm, r=4.16mm, M=0.27mm, #=8, and 
(e) step 5 with £>=0.49mm, 7=4.16mm, M=0.27mm, JV=8. 
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Chapter 4 
Interdigital Ring Filters with 
Adjustable Bandwidth and 
Predictable Transmission Zeros 
In the past three decades or so, ring resonators have been widely used in filters, 
oscillators, mixers, couplers, power dividers/combiners, antennas, frequency selective 
surfaces, and so forth. As mentioned earlier, the microstrip ring resonator was first 
proposed by P. Troughton in 1969 for the measurements of the phase velocity and 
dispersive characteristics of a microstrip line. In the following years, most applications 
were focused on the measurements of characteristics of discontinuities of microstrip lines. 
In the 1980s, applications using ring circuits as antennas, filters, mixers, baluns, and 
couplers were reported. The ring resonator only support waves whose guided 
wavelengths equal to an integral multiple of the ring circumference. Using this ring 
circuit, many more circuits can be created by cutting a slot, adding a notch, cascading two 
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or more rings, implementing some solid-state devices, and so on. 
It has been reported recently that hairpin resonators with asymmetric input/output feed 
lines tapping on the first and the last resonators can be employed in the design of 
microstrip bandpass filters [27][28]. In contrast to traditional cross-coupled filters, 
hairpin-resonator filters offer lower insertion loss, sharper cutoff frequency response, and 
two transmission zeros lying on either sides of the passband. In the design of hairpin-
resonator filters, a wider bandwidth can be achieved by improving the electromagnetic 
(EM) coupling between resonators, which can be realized by reducing gap and/or strip 
widths of resonators. However, such an approach can lead to a degradation in the filtering 
behavior in terms of low quality factor Q and high insertion loss. Moreover, the approach 
may require a high precision fabrication process for accurate gap/strip dimensions. 
This chapter describes a practical limitation in designing traditional ring resonators. In 
order to overcome this challenge, a ./-inverter topology [29]-[31] is explored to estimate 
EM coupling strengths of three different coupling structures. Based on the study, a new 
bandpass filter structure, which uses interdigital capacitors between hairpin resonators, is 
proposed. Such an arrangement helps to obtain a relatively stronger EM coupling and 
hence a relatively wider bandwidth as compared to edge-coupled hairpin filters. Two 
additional slots etched in the ground plane can help further enhance the bandwidth. The 
proposed structure exhibits two transmission zeros, one on each side of the passband. In 
order to estimate the positions of these transmission zeros, semi-analytical formulae are 
derived. The proposed filter allows certain flexibility in the design, i.e. ability to adjust 
the bandwidth by altering the geometrical parameters of the interdigital capacitors and/or 
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Fig. 4.1. Layout of a traditional edge-coupled bandpass filter. 
the etched slots. Based on the proposed structures, cascaded bandpass filters are designed, 
fabricated and tested. The related work has been published in [44], and submitted in [45]. 
4.1 Limitation of Traditional Ring Resonator Filter 
As can be seen in Fig. 4.1, a traditional ring resonator filter is implemented using two 
hairpin resonators with asymmetric feed lines. The gap G between two hairpin resonators 
acts as mutual capacitance, which can be adjusted to achieve optimal frequency response, 
i.e. wide bandwidth and low loss. 
Fig. 4.2 (a)-(c) show the simulated ^-parameters of traditional ring resonator filters 
with different G. As can be summarized from the three figures, with the decrease of 
distance between hair resonators from 0.08 mm to 0.04 mm, the filter shows wider 
bandwidth and better frequency responses. When G = 0.04 mm (see Fig. 4.2(c)), the filter 
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features a 3dB bandwidth of 650 MHz and a maximum return loss of 24.8 dB. However, 
in a typical fabrication process employed for microstrip structures, the closest distance 
that can be manufactured is 0.13 mm. As can be seen in Fig. 4.2 (d), with G = 0.13 mm, 
the 3dB bandwidth is 320 MHz and the maximum return loss is only 11.2 dB, both of 
which are not acceptable with respect to the given specifications of the filter. 
In conclusion, traditional ring filters use open-end gaps to realize coupling, which may 
not be able to achieve strong enough coupling to achieve optimal responses. In order to 
overcome the drawback, the coupling strength of different microstrip structures is 
discussed in the next subsection and some additional structures are considered in ring 
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Fig. 4.2 Simulated S-parameters of the traditional ring resonator filters with G = (a) 0.08 mm, 
(b) 0.06 mm, (c) 0.04 mm, and (d) 0.13 mm. 
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4.2 Estimation of EM Coupling 
Three different microstrip coupling structures, illustrated in Fig. 4.3, are considered. Fig. 
4.3(a) shows an unbound end-to-end coupling gap with open-ends i?i and R2, and Fig. 
4.3(b) shows a nine-finger interdigital capacitor. The structure in Fig. 4.3(c) is identical 
to that in Fig. 4.3(b) except that it has a rectangular ground-plane aperture below the 
interdigital capacitor. All three kinds of coupling structures have the same length. To 
investigate their coupling behaviors, these microstrip structures are initially modeled by 
using a 3D admittance-type MoM algorithm [31]. 
In the MoM algorithm, a pair of impressed electrical fields {E\ and £2) is introduced to 
formulate a deterministic MoM at two ports (Pi and P2) far away from the reference 
planes (R\ and Ri). To accurately de-embed circuit parameters of these microstrip 
structures from the MoM calculation, the short-open calibration procedure [30] is 
deployed to remove error terms involved in the algorithm that allows extracting an 
equivalent circuit model at the reference planes (R\ and Ri). In Fig. 4.3(d), an equivalent 
./-inverter network model for the coupling structures is presented, where the entire two-
port coupled microstrip lines can be characterized by a ./-inverter network model and two 
identical error terms [30]. The physical structure is modeled as an equivalent ./-inverter 
network combined with two identical error terms [Xj\. The error terms relate to the 
approximation of source excitation and inconsistency between 2D and 3D MoM-based 
impedance definitions. They can effectively be evaluated and removed with the 
assistance of two numerical calibration standards, namely, short and open elements. As 
such, the circuit network of the microstrip structures in Fig. 4.3(a) ~ (c) can be explicitly 
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extracted as a general-purpose two-port admittance matrix that accounts for all of its 
discontinuity effects. Specifically, the /-inverter network consists of susceptance (J) and 
two equivalent electrical line lengths (8/2 each). For a symmetrical two-port ./-inverter 
network [31], it can be noted that 
J _ tan(0 /2 ) + J?n 
YQ ~ 5i2tan(6>/2) 
and 
g = -tan-1( _2f'_
 2 ) , (4.2) 
\-Bu +Bn 
where YQ is the characteristic admittance of each line, By is the susceptance of the 
corresponding ^-parameter from EM simulation, and B,j =Blj/Y0. Equations (4.1) and 
(4.2) allow the transformation from an admittance 7t-network to a J-inverter topology [31]. 
Fig. 4.4 shows normalized values of J for different coupling structures in the l~8GHz 
frequency range. It can be seen that the parameter J varies nonlinearly with frequency/ 
exhibiting the frequency dispersion behavior. In addition, J increases noticeably from the 
structure of Fig. 4.3(a) to the structures of Figs. 4.3(b) and (c), with the structure of Fig. 
4.3(c) exhibiting largest J. Since J is directly proportional to coupling strength [28], it can 
be inferred that coupling strength can be effectively enhanced by means of using 
interdigital capacitors and/or etched slots. In the following sections, a new class of 
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Fig. 4.3. (a) End-to-end coupled line, (b) Interdigital capacitor coupled line, (c) 
Interdigital capacitor coupled line with etched slot, and (d) Generalized ./-inverter 







Interdigital capacitor & etched slots 
-End to end gap 
3 4 5 6 
Frequency(GHz) 
Fig. 4.4. Normalized susceptance (J/To) for the coupling structures of Fig. 4.3. 
4.3 Proposed Bandpass Filter Structures 
A larger J implies a stronger coupling or smaller external quality-factor {Q£) of a 




where fo denotes centre frequency. A larger J results in a smaller QE and hence a wider 
bandwidth. Therefore, different bandwidths can be achieved by choosing coupling 
structures with different J. Motivated by this, new bandpass filters are proposed based on 
the coupling structures noted in chapter 4.2. Fig. 4.5 shows the layout of the proposed 
bandpass filter and an illustrative comparison with a traditional edge-coupled filter 
[27][28]. The substrate thickness is 0.635 mm and dielectric constant (er) is 10.2. As can 
be seen in Fig. 4.5(b), interdigital capacitors are introduced to substitute for the 
traditional gaps (see Fig. 4.5(a)) between microstrip hairpin resonators. 
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(a) (b) 
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Frequency (GHz) 
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Fig. 4.5. (a) Layout of a traditional edge-coupled bandpass filter, (b) Layout of the 
proposed bandpass filter and (c) Comparison of simulated -S-parameters of the proposed 
filter and the traditional filter. 
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In Fig. 4.5 (a), the width of the microstrip hairpin is 1 mm, and the gap is set to 0.13 
mm (5 mil), which is the closest/smallest distance allowed by the fabrication process 
employed. Using Zeland IE3D, the EM simulation results of Fig. 4.5(a), illustrated in Fig. 
4.5(c), exhibit an/o^ 6.5 GHz, a 3 dB bandwidth = 375 MHz, an insertion loss of 0.83 
dB at 6.49 GHz, a maximum return loss of 11 dB at 6.5 GHz, and two transmission zeros, 
one at 5.45 GHz with -66.34 dB rejection and the other at 8.3 GHz with -36.6 dB 
rejection. The relatively high loss and narrow bandwidth could not be improved due to 
gap limitation imposed by the fabrication process. 
As shown in Fig. 4.5(b), the proposed structure uses two interdigital capacitors, each 
with 4 fingers, between the hairpin resonators. The length and width of the fingers are 0.3 
mm and 0.2 mm respectively, and the gap between adjacent fingers is 0.2 mm. The EM 
simulation results of Fig. 4.5(b) are also illustrated in Fig. 4.5(c). Owing to a stronger 
coupling effect, the proposed filter exhibits a wider 3 dB bandwidth than traditional filter 
(602 MHz vs. 375 MHz), while its fo and locations of transmission zeros remain 
unchanged. Further, the proposed filter provides an insertion loss of 0.41 dB at 6.49 GHz 
and a return loss > 20 dB in the 6.34-6.61 GHz range, both of which are lower than those 
of the traditional hairpin filter. In conclusion, the increased mutual capacitance provided 
by interdigital capacitors helps to obtain a relatively stronger EM coupling and hence a 
relatively wider bandwidth compared to edge-coupled hairpin filters. 
In both proposed and traditional structures, the dominant coupling is "electrical 
coupling" [16], which is due to the strong electric fringe fields near the open ends of the 
folded line. As such, the capacitance between two branches becomes an important 
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parameter to be examined. For both proposed and the traditional structures of Fig. 4.5, the 
mutual electrical coupling can be represented by a coefficient KR, identical to the ratio of 
the coupled electric energy to the stored electric energy of an uncoupled single resonator 
i.e. 
f 2-f2 C 
E
~ f 2 . /-2 - 7 T - (4.4) 
In (4.4), C represents self-capacitance, Cm represents mutual capacitance, and fa and fa 
represent the lower and higher resonant frequencies respectively. The larger the Cm, the 
higher the KE, which implies stronger coupling or smaller external quality factor QE of 
the resonator [16]. Therefore, besides using the J-inverter network, Cm can also be easily 
checked for evaluating the magnitude of the coupling strength, which is more convenient 
for filter designers. The capacitance value can be calculated from the simulated Y-
parameter data using Zeland IE 3D as: 
Cm=lm(-Yn)/o). (4.5) 
Fig. 4.6 shows the comparison of the mutual capacitances Cm between two branches of 
both traditional and proposed ring filters. The proposed ring filter provides a relatively 
larger Im (-721) in the frequency range 5-9 GHz, thus achieves a larger mutual 
capacitance Cm and consequently a stronger coupling strength, which is consistent with 
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Fig. 4.6. Comparison of simulated susceptance of y-parameter of the proposed filter and 
the traditional filter. 
4.4 Salient Features of the Proposed Filter 
4.4.1 Bandwidth Modulation 
Bandwidth-efficient modulation techniques can enhance bandwidth efficiency while 
retaining reasonable power efficiency and implementation complexity/simplicity, thereby 
maximizing the use of available frequency spectrum of terrestrial and space-based 
communication systems. The interdigital capacitor is a multi-finger periodic structure, 
which uses the capacitance that occurs across a narrow gap between thin conductors. The 
capacitance Cint of an interdigital capacitor of length lc can be expressed as [32] 
m . . l 
• " " 
1 y 







C t e =(s r +l ) / c [ ( JV-3 )4+4] , (4.6) 
where 
Ax =4.409tanh[0.55(Vwe)°45]xl0-6 (4.7) 
and 
A2 = 9.92 tanh [o.52(h/wc)°5 ] x 1 (T6 . (4.8) 
In (4.6) through (4.8), er and h are the dielectric constant and thickness of the substrate, N 
and wc represent number and width of fingers of an interdigital capacitor respectively. By 
adjusting N (or other related parameters of interdigital capacitor), Cint can be altered. 
Since such capacitors are an integral part of the proposed filter, the bandwidths of the 
filter can be effectively adjusted by the interdigital capacitors. IE3D simulations of the 
proposed filter with different values of N are performed and the results are illustrated in 
Fig. 4.7. The bandwidths of proposed filters keep widening with the increase of N, while 
keeping^ fixed by slightly decreasing the lengths of the hairpin resonators. A summary 
of the simulation results is presented in Table 4.1. It can be observed that the bandwidth 
increases with N, while fa and locations of transmission zeros remain more or less 
unchanged. Changing N from 0 (i.e. traditional gap) to 8 lead to an increase in 3dB 
fractional bandwidth (FBW) from 5.8% to 15.5%, and a change in QE from 34.7 to 12.9, 
thus indicating a considerable degree of design flexibility for the designer/user. However, 
It must be pointed out that it may be difficult to design a filter with a FBW >20% using 
the proposed structure, since all the elements (e.g. line resonators, coupling elements) are 
highly dependent on frequency [33]. 
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Frequency (GHz) 
Fig. 4.7. iS-parameters (S21) of the proposed bandpass filter structure for different 
values of JV. 
TABLE 4.1 








































Recently, a ground plane aperture technique has been proposed [34] for effective 
enhancement of EM coupling over a wider frequency range. Based on this technique, two 
rectangular slots are etched in the ground plane below the two 4-finger interdigital 
capacitors as shown in Fig. 4.8(a) to further improve the bandwidth. Simulation results in 
Fig. 4.8(b) show that, increasing the width (7) of the ground plane apertures from 1.9 mm 
to 3.3 mm while keeping all other parameters unchanged, results in an increase in 3 dB 
FBW from 17.4% to 22.3%, and a change in QE from 11.5 to 8.8. It is to be noted that 
increasing T also results in a slight decrease in the lower cutoff frequency, an increase in 
the upper cutoff frequency, and a corresponding shift in the locations of the transmission 
zeros. The shift, i.e. an increase in/o, can be countered by slightly increasing N alone. In 




Fig. 4.8. (a) Layout of the proposed filter with etched ground plane apertures and (b) its simulated 
£21 for different values of T. 
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4.4.2 Transmission Zeros 
In this section, consolidated formulations which help the estimation of transmission zeros 
of the proposed filter of Fig. 4.5(b), are presented. As can be seen in Fig. 4.5(b), the filter 
uses two hairpin resonators with asymmetric feed lines tapping the resonators. The input 
and the output feed lines divide the resonators into two sections of lengths l\ and h 
respectively. Coupling between the two resonators is approximated to be Cint, i.e., the 
interdigital capacitance. Consequently, the entire circuit of Fig. 4.5(b) can be treated as a 
shunt circuit consisting of upper and lower sections. Each section is made up of h, Cint 
and h. The ABCD matrixes of the upper and the lower sections of the lossless shunt 












•• MZM2MX, (4.10) 
where 
M,= 
( cos P(lx+ A/) jz0 sin /?/,(/ ,+A/)^ 
jy0 sin /?(/, + A/) cos /?/, (/, + A/) 
(4.11) 




' cos/?(/2+A/) yz0sin/?(/2+A/)^ 
jy0 sin /?(/2 + A/) cos /?/2 (/2 + A/) (4.13) 
In (4.11) through (4.13), /? is the propagation constant, z0 = \lyo is the characteristic 
impedance of each resonator, A/ accounts for the additional length of the microstrip in the 
interdigital capacitors, andzc= \ljcoCintis the impedance ofCint. 
The ABCD parameters are transformed into 7-parameters. The r-parameters of the 




^ 'D./B, (5 ,C,-4A)MA 
-l/B, 4/B, (4.14) 
where i - either upper or lower accordingly. The 7-parameters of the entire shunt 
circuit/structure can be obtained by adding those of the upper and the lower sections i.e. 
Y Y 
M l M2 
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lower 
From the above 7-parameters, S21 of the filter circuit can be calculated. For instance, the 
numerator of S21 is given by 
a -At r on A IN on A I M C O S / ? ( / , + A / ) C O S / ? ( / 2 + A / ) . / y l 1 ^ 
^ K — ^ = -J 4{z0 sm[/?(/l + A/) + /?(/2 + A/)] ^ ' -} • (4.16) COL.„, 
Transmission zeros of the proposed filter can then be estimated by setting (4.16) to 0, i.e. 
• ron A IN on A I M C O S / ? ( / , + A / ) C O S / ? ( / 2 + A / ) n 
z0 sin[/?(/, + A/) + p{l2 + A/)] ^ ' = 0. (4.17) 
In addition, assuming C;„,to be small leads to 
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cos /?(/, +AI) COS P(I2 +A/) * 0 , (4.18) 
which relates the transmission zeros to the tapping positions. Substituting /? in (4.18) 
by Inf^s^jc yields estimated locations of the transmission zeros i.e. 
/l_4(/1+A/)7^~ ( 4J9) 
and 
where/is the frequency, se/f is the effective dielectric constant, c is the speed of light in 
the free space, and fa and fa are the frequencies of the two transmission zeros 
corresponding to the tapping positions of the lengths of Ziand h on the resonators. For 
simplifying the computation of/i and^, A/ is eliminated by introducing two new linear 
coefficients {Pi, P2} e (0,1) leading to new simplified expressions i.e. 
f* = ,, / ( 4- 2 1) Ally[s off 
and 
P2c 
^ h ylse/f 
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From (4.21) and (4.22), it can be stated that the locations of the transmission zeros (f\ and 
fi) can be controlled by the positions of tapping lines (l\ and h) and/or by the linear 
coefficients (Pi and P2, which relate to the geometry of the interdigital capacitors). 
In order to determine f\ and^, EM simulations are performed in Zeland IE3D to first 
evaluate Pi and P2 for filters with different interdigital capacitors (i.e. capacitors with 
varying number of figures JV). Since the capacitance Cmi varies proportionally with N, the 
branch lengths of the hairpin resonators need to be slightly adjusted for keeping the 
center frequency fo fixed while changing N. Based on the simulations, a set of empirical 
values for Pi and P2 are reported in Table I, applicable to the proposed filter structures. 
Both Pi and P2 decrease with increasing N. This is expected since the more the fingers, 
the more the extra microstrip length A/. In essence, (4.21) and (4.22) based on linear 
coefficients offers accurate estimations of the transmission zeros with relative errors 
below 6.5%. To confirm this, several 4-finger ring bandpass filters with different tapping 
positions are designed at fo = 6.5 GHz. The locations of their transmission zeros as 
predicted by the proposed model (4.21) and (4.22) are compared with those from Zeland 
IE3D simulations. Such comparisons are presented in Table II. For the case of N = 4, the 
maximum relative error between the proposed model and the EM simulations is 3.8%. 
As can be seen in Fig. 4.10, the shorter the distance from the centre of the hairpins to 
the input/output ports, the closer the two transmission zeros are to the passband, 
consequently providing a high selectivity. However, it has to be noted that the tapping 
positions also affect the coupling between the resonators. The closer the tapping positions 
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TABLE 4.2 
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Fig. 4.9. Empirical values of linear coefficients Pi and P% for the proposed bandpass 
filters with different N. 
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are to the center of the hairpins, the larger the QE [16]. A large QE puts the filter into an 
over-coupled situation [35][36] i.e. 
where K is the coupling coefficient and Qu is the unloaded quality factor of either of the 
two resonators. For instance, the case of h = 2.8 mm and h= 3.6 mm in Fig. 4.10 reflects 
an over-coupled situation causing a hump within the passband. The coupling condition of 
the filter can be identified by using either measured or simulated values of K, Qu and QE 
[37]-[39]. While QE and K can be calculated using equations (4.3) and (4.4), an 
expression for Qu is available in [39]. In the case of the proposed filter of Fig. 4.5 (b) with 
N = 4, K = 0.03 < VQU + \IQE = 1/78.9 + 1/25, thereby satisfying the under-coupled 
condition, and the filter response does not show a hump in the passband. The coupling 
gap Sint between the interdigital capacitors also affects the EM coupling between two 
resonators [39]. In the case of the proposed filter of Fig. 4.5 (b), Sint = 0.2 mm, set by the 
trial-and-error simulations for the optimal frequency response. In essence, both the 




SIMULATED AND ESTIMATED TRANSMISSION ZEROS FOR BANDPASS FILTERS WITH N= 4 AND 
DIFFERENT TAPPING POSITIONS 
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Fig. 4.10. Simulated S-parameters (S21) of the proposed bandpass filters with N = 4 and 
different tapping positions. 
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4.4.3 Cascaded Structures 
In general, relatively sharper frequency responses and flatter passband can be achieved 
by cascaded bandpass filter structures. Consider given user-specifications of a filter, such 
as maximum passband attenuation = 2 dB, minimum stopband attenuation = 30 dB, 
maximum return loss = -15 dB, fo - 6.5 GHz, 3 dB bandwidth ~ 650 MHz, and 
transmission zeros at 5.5 GHz and 8.3 GHz respectively. Such specifications are difficult 
to achieve using a single unit, and cascading becomes necessary. Based on these 
specifications, two filter units both with N - 4 are selected in the design of cascaded 
filters. Since the transmission zeros of the cascaded filter are required to be at 5.5 GHz 
and 8.3 GHz, equations (4.21) and (4.22), and coefficients Pi = 0.7243 and P2 = 0.7566 
of Table I are used, leading to tapping line positions l\ = 2 A3 mm and 1% = 4.01 mm. 
The first of the two cascaded filters (see Fig. 4.11(a)) is implemented by directly 
coupling two identical interdigital ring units. In order to obtain lower RL and sharper 
cutoff frequency response, D = 2.68 mm is chosen for vertical offset of the two cascaded 
units, and S = 0.522 mm for the horizontal coupling gap between the units by simulation 
and optimization. Based on (4.3) and (4.4), the external quality factor QE is calculated to 
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f 2+f2 is the mutual coupling between the fth resonator and yth 
resonator, (fr{)ij and (fr-i)ij are the lower and higher resonant frequencies of the fth 
resonator andy'th resonator. Negative and the positive values in M represent electric and 
magnetic couplings respectively [16]. 
An alternative cascaded structure is shown in Fig. 4.12(a). In this case, a double stub 
microstrip is used to adjust the impendence matching between the two cascaded units. 
Because of the added microstrip, the transmission zeros of the cascaded filter are 
expected to shift from the estimated values. The external quality factor QE is calculated 



















Both of the cascaded filters have met the design specifications. Compared to the 
cascaded filter of Fig. 4.11, the filter of Fig. 4.12 exhibits a relatively larger QE, a lower 
insertion loss, and a sharper cutoff frequency response. As such, the filter of Fig. 4.12 
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Fig. 4.11. (a~b) Layout of a cascaded coupling bandpass filter based on the proposed 
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Fig. 4.12. (a~b) Layout of another cascaded coupling bandpass filter based on the 
proposed filter and (c) its simulated and measured S-parameters. 
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4.4.4 Fabrication and Measurement 
The proposed bandpass filters are fabricated on a 0.635 mm thick RT/duroid 6010.2 
substrate with er = 10.2. Measurements are performed using an Anritsu 37369D vector 
network analyzer. Fig. 4.13(b) shows the measured and simulated S-parameters of the 
fabricated 8-finger bandpass filter of Fig. 4.13(a). The filter shows a centre frequency of 
6.5 GHz and a 3dB bandwidth of 1018 MHz, both of which agree with the IE3D 
simulations. The filter has a return loss greater than 15 dB over the passband ranging 
from 6.48 GHz to 6.91 GHz and an insertion loss greater than 2 dB within the 6.3-6.88 
GHz range. Maximum group delay variation within the passband is 0.23 ns (see Fig. 
4.13(c)). Fig. 4.14(a) shows the measured and simulated iS-parameters of the fabricated 
filters with etched ground plane for the case of T = 3.3 mm (see Fig. 4.14(b)). The filter 
shows a 3 dB FBW of 24.2%. The filter has a return loss above 15 dB over the passband, 
ranging from 6.81 GHz to 7.82 GHz, and an insertion loss greater than 2 dB within the 
6.51-7.85 GHz range. 
Both the simulations and experimental measurements of cascaded structures are shown 
in Fig. 4.11(c) and Fig. 4.12(c) respectively. Regardless of some small deviation in the 
higher frequency, satisfactory agreement between the simulation and the measured 
responses is achieved. Fig. 4.15 shows a group of 4-fmger bandpass filters designed and 
fabricated with different tapping positions. These filters exhibit different transmission 
zeros as expected. 
Discrepancies between measurements and simulations can be attributed to fabrication 
tolerances, considering the high sensitivity of ring resonators with respect to dielectric 
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constant and thickness of the substrate [40], and to some extent to calibration errors. In 
addition, the undesirable effects of radiation from discontinuities (fingers in particular) in 
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Fig. 4.13. (a) Photograph of an 8-finger bandpass filter, (b) its simulated and measured 
S-parameters, (c) its simulated and measured group delay. 
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Fig. 4.14. (a) Photographs of top view and bottom view of a 4-finger bandpass filter 
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Fig. 4.15. (a) Photograph of a group of bandpass filters with JV= 4 and with different 
tapping positions, and (b) their measured S-parameters. 
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4.5 Summary 
In this chapter, a class of new microstrip ring bandpass filters, which overcomes the 
typical fabrication limitation of traditional ring filters, has been proposed. The proposed 
filters use interdigital capacitors combined with ring resonators, and exhibit a much wider 
bandwidth compared to traditional edge-coupled filters. The bandwidth of the filters can 
be easily adjusted by changing the geometrical parameters of the interdigital capacitors 
and/or the ground plane apertures. The filters can be employed in both narrowband (FBW 
< 20%) and wideband (FBW > 20%) commutation circuits. Semi-analytical equations 
derived in this work help designers quickly yet accurately estimate the locations of 
transmission zeros. Further, cascaded filters based on the proposed structure exhibit a 
very sharp cutoff frequency and low loss. Both measurement and simulation results have 
been shown for several filters. This research can be useful for improvising computer 




Microwave printed filters provide various advantages over waveguide and coaxial line 
filters, such as low weight, low cost, compact size and high accuracy, which benefits 
modern mobile and satellite communication systems. In such communication systems, 
volume of printed filters involved is always required to be miniaturized to facilitate 
circuit integration. Broader bandwidths are also desirable for better information capacity. 
Such requirements lead to critical challenges in design and implementation of the filters. 
In order to meet these requirements, the work in this thesis has focused on two aspects. 
First, a very compact and low loss printed bandpass filter has been implemented. Second, 
a technique to effectively increase the bandwidth of printed filters without going beyond 
fabrication limitations has been developed. 
CRLH-TL is promising in terms of volume minimization of microwave circuits due to 
the negative and nonlinear nature of phase constant (JJ) versus frequency. A simple 
CRLH-TL structure has been proposed using a microstrip interdigital capacitor whose 
outer arms are grounded by vias. Based on the CRLH structure, a new bandpass filter has 
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been designed. The simulation results of the CRLH filter shows a minimum insertion loss 
of 0.33 dB and a wide 3-dB fractional bandwidth of 49.4%. Moreover, the volume of the 
proposed CRLH filter (4.23 x 1.5 mm2) is about 10 times smaller than traditional printed 
filters with a comparable frequency response. In addition, a geometrical parameter 
analysis of the CRLH filter has been undertaken. This analysis has lead to the 
development of an automated design algorithm for CRLH filters. The proposed algorithm 
has been validated through a practical example. 
In the design of printed filters, a wider bandwidth can normally be achieved by 
improving EM coupling between resonators. This can be implemented by reducing gap 
and/or strip widths of the resonators. However, such an approach leads to a lower quality 
factor Q and higher insertion loss. Furthermore, effectiveness of the approach may be 
affected by geometric limitations in typical fabrication processes, such as a minimum 
gap/strip width of 0.13 mm. In order to overcome such limitations, a set of new 
microstrip bandpass filters using interdigital capacitors combined with ring resonators has 
been proposed in the thesis. The proposed filters exhibit 2 to 3 times wider bandwidths 
compared to traditional ring filters. Furthermore, the bandwidth of the filter can be easily 
adjusted by changing the geometrical parameters of the interdigital capacitors and/or the 
ground plane apertures. The filters can be employed in both narrowband (FBW < 20%) 
and wideband (FBW > 20%) communication circuits. Semi-analytical equations which 
can quickly yet accurately estimate the locations of transmission zeros have been derived 
in this work with a maximum relative error of 6.4 %. Finally, cascaded filters based on 
the proposed structure exhibit a very sharp cutoff frequency and low loss. 
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Several filters have been fabricated and tested using a vector network analyzer. 
Measured frequency responses of the proposed filters have shown a wide adjustable 
bandwidth from 375 MHz to 1560 MHz. These results are in good agreement with those 
simulated using Zeland IE3D in the 5-9 GHz range. 
The work presented in this thesis, namely the development of the CRLH and 
interdigital ring filters, provides an effective solution to the problems of manufacturing 
limitations of geometric size and helps to facilitate the design of filters. CRLH filters can 
also be applied in time-domain application^, e.g. delay-lines. Compact CRLH delay lines 
offer longer delay compared to traditional RH microstrip delay lines, and the delay can be 
tuned by adjusting the geometrical parameters of the interdigital capacitors. The proposed 
ring resonator filters can potentially be combined with a piezoelectric transducer (PET) 
and an attached dielectric perturber to allow for a tunable center frequency. Thus, 
coupled with the bandwidth adjustability provided by the proposed filter structure, the 
future ring filters can offer even greater design flexibility for the RF/Microwave designer. 
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